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Abstract 
In micro machining, critical parameters such as run-out error of the spindle, re-clamping errors and tool handling in general, have a negative 
impact on the micro tool´s life. To avoid this negative impact a new machine tool - the Nano Grinding Center - has been developed at the 
Institute for Manufacturing Technology and Production Systems. The Nano Grinding Center is a fully integrated tool production and 
application machine for micro pencil grinding tools without re-clamping. The manufacturing of ultra-small tool diameters (< 5 μm) with
customized tool shapes requires an individualization of the micro manufacturing process and further a modularity of the desktop sized machine 
tool. Therefore, the gantry type desktop machine consists of three modules in order to manufacture micro pencil grinding tools: The grinding 
module, the μEDM module for tool optimization, the electroplating module for tool coating. One nanometer-level positioning XY-table is 
provided for the tool application and a camera module allows the process observation. The independent modules of this machine are mounted 
on the machine bed, thus the traverse including the Z-axis with the tool spindle has to approach each module for tool manufacturing or 
application. In this article, the concept of the Nano Grinding Center with all modules and functions will be outlined.  
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High 
Performance Cutting. 
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1. INTRODUCTION 
The increasing need of products with small dimensions in 
various industries leads to a high demand for miniaturized 
parts and parts with microstructures. To meet these 
requirements, micro technology has become an essential part 
of manufacturing technology. Typical products are micro 
fluidic devices, micro reactors, micro embossing tools, and 
components for measurement systems [1,2]. To miniaturize 
products and their involved micro technical components in 
brittle materials like cemented carbide, ceramics and hardened 
steel, micro pencil grinding tools (MPGT) are used [3]. 
MPGTs are manufactured and used by different researchers. 
These tools have diameters bigger than 50 μm [4-7]. The 
manufacturing and the application of MPGTs with diameters 
smaller than 50 μm are investigated at the Institute for 
Manufacturing Technology and Production Systems (FBK) for 
several years now [9-11]. However, generating 
microstructures in hard metallic materials with ultra-small 
structure dimensions, for example the investigation of the 
productivity and the morphology-related growth of different 
microorganisms [8], micro pencil grinding tools with 
diameters much smaller than 10 μm are needed. The 
experience in MPGT manufacturing, handling and application
at the FBK shows, that critical parameters such as run-out 
error of the spindle, re-clamping errors and tool handling in 
general, have a negative impact on the micro tool´s life. To 
reach ultra-small tool diameters this negative impact needs to 
be avoided. Therefore, a new machine tool for a fully 
integrated tool production and application of MPGTs has been 
developed. In this article, the concept of this machine tool 
with its functions will be outlined. 
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 Fig. 1. Model of the Nano Grinding Center
2. Nano Grinding Center 
The new machine tool - the Nano Grinding Center (NGC)  
(shown  in  Fig.1.)  has  been  developed  at  the  Institute  for 
Manufacturing technology and production systems  (FBK) at 
the University of Kaiserslautern. The NGC´s design includes 
a fully integrated tool production and application of micro 
pencil grinding tools without re-clamping. Thus, the errors 
resulting of handling and re-clamping the tools, like run-out 
error, can be eliminated. For a high individualization of the 
NGC, the desktop machine consists of five interchangeable 
modules in order to manufacture and use MPGTs: 
x the  grinding module, the μEDM module for tool 
optimization,  
x the electroplating module for tool coating,  
x an application module, 
x and a camera module for process observation.  
The independent modules of this machine (beside the camera 
module) are mounted on the machine bed (Fig. 1.). A 
universal machine control system controls the Nano Grinding 
Center with all functions and modules. 
2.1. Machine tool design 
The accuracy of machine tool can be influenced 
dramatically by thermal influences. The rarely uniform 
thermal expansion of machine tools caused by motors and 
bearings [12]. Therefore, the central design objective of the 
NGC is to minimize the thermal influence to the tool center 
point (TCP) drift. In order to do this, the machine tool is 
gantry type designed with a moving traverse. The machine 
bed (gantry) is made of natural granite. The traverse, 
including the Z-axis with the tool spindle (shown in Fig. 2.) , 
has to approach each module for tool manufacturing or 
application. The thermo symmetrical gantry design in 
combination with the small overall size of the NGC 
(900x600x600 mm (LxWxH)) and the machine bed material 
reduce the thermal effects on the drift of the TCP. 
 
Fig. 2. Model of the traverse and inboard Z-axis 
The traverse is made of aluminum EN AW 7022 
(CERTAL), which is characterized by low weight and high 
strength (Rm < 450 MPa, Rp0.2 < 370 MPa). Monolithic flexure 
335 M. Walk and J.C. Aurich /  Procedia CIRP  14 ( 2014 )  333 – 338 
 
hinges compensate the thermal expansion of the traverse 
towards the gantry. Furthermore, the flexure hinges mount the 
traverse on the linear motion system (U-axis) including 
precision ball rails, a precision ball screw with zero backslash 
and pitch of 5 mm and a stepping motor with 
125,000 steps/rev. This linear system provides a travel range 
of 700 mm with a theoretical resolution of 0.04 μm to 
approach each module for tool manufacturing or application 
precisely. The Z-axis, carried by the traverse, consists of a 
CERTAL cage with a precision mechanical interface for tool 
spindle connection. 
The Z-axis is guided by cross roller bearings and driven by 
a direct drive motor with a pneumatic counterbalance system 
and a feedback with nanometer resolution. The special design 
of the Z-axis allows an inboard spindle mounting with the 
precision tool spindle module (PTSM). The PTSM´s design is 
based on the design principles of a kinematic coupling (six-
point mounting). With the PTSM, it is possible to mount 
different tool spindles. The tool spindle´s axis of rotation is 
located in the coupling centroid. This special design considers 
thermal decoupling of the PTSM from the rest of the machine 
tool and offers the possibility of very high precision spindle 
interchangeability. Furthermore, the design provides a very 
small TCP drift due to thermal influences. For example, after 
total heating of the PTSM (by 1 K) the drift of TCP in X-Y-
plane is smaller than 0.08 μm [13]. For standard applications, 
an air-bearing spindle with rotational speed of 160,000 rpm is 
clamped in the PTSM. 
2.2. Machining modules 
The independent modules are designed as standalone 
working modules and can so be changed or switched. This 
modularity allows a high individualization of the micro 
manufacturing process.  
Three modules for tool manufacturing and one module for 
process viewing are developed: the grinding module, the 
galvanic module, the μEDM module and the camera module. 
Because of an easy and precision positioning without a 
feedback system, stepping motors drive these modules. 
Depending on the required precision of each module, stepping 
motors with different resolutions (steps/rev) are used.  
2.2.1. Grinding module 
The grinding module consists of a linear stage, two air 
bearing grinding spindles and a spindle drive (Fig. 3.). The 
linear stage is made of CERTAL. With a precision ball rail 
system, a precision ball screw (zero backslash and lead 1 mm) 
in combination with a stepping motor with 125,000 steps/rev, 
a travel range of 50 mm with a theoretical resolution of 8 nm 
can be achieved. Both air bearing grinding spindles have the 
same compact design (54 mm diameter, 110 mm hight). The 
used air bearings (axial and radial) are conventional available 
porous carbon air bearings. The spindle rotor has a diameter 
of 25 mm and is made of hardened steel (Aisi 440c). The 
spindle rotor surface is polished to provide a better system 
performance. The rotor carries a clamping device for 
clamping different conventional grinding wheels and allows 
an easy and precise change of worn and damaged grinding 
wheels. Each grinding spindle has different grinding wheel. 
The first one is for pre-grinding and has a thickness of 
200 μm and a grain size of 20-30 μm. The second one is used 
for fine grinding operations and has a thickness of 50 μm and 
a grain size of 2-4 μm.  
 
Fig. 3. Grinding module 
A DC-motor drives both grinding spindles by a driving 
belt. Varying the voltage, the rotation speed can set from zero 
rpm to 4,500 rpm. Using grinding wheels with a 50 mm 
diameter, the rotation speed of the spindle only has to be 
4,000 rpm to reach an adequate cutting speed for micro tool 
grinding in cemented carbide. Up to 4,000 rpm the axial run-
out error is below 0.1 μm and the radial run-out error below 
0.8 μm [14]. 
The ground workpieces, shown in Fig. 4. , demonstrate the 
capability of the grinding module. The micro tool blanks are 
ground in cemented carbide by an external plunge-cut 
grinding process. The left picture shows a tool tip a diameter 
of 4 μm (length 16 μm). The right picture shows a fine disc 
ground of cemented carbide with a thickness of 3 μm and an 
aspect ratio of approximately 50.  
     
Fig. 4. Ground tool blank with 4 μm diameter (left) and ground cemented 
carbide disc with 3 μm thickness [14] (right) 
2.2.2. Galvanic module 
The galvanic module is built up on a linear stage with a 
travel range of 120 mm. A stepping motor with 1,000 
steps/rev drives the table of the stage with plain bearings and 
a screw drive. The table of the stage carries the electroplating 
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bathes (Fig. 5.). There are two rows of five bathes with 
different functions: 
x one bath with nickel electrolyte for precoating the 
ground tool blank and embedding the grains after 
main coating, 
x one bath with suspension of nickel electrolyte 
and grains for main coating, 
x one ultrasonic bath for cleaning the tool between 
the different process steps, 
x one bath for etching the cemented carbide surface 
for better coating adhesion,  
x and one disposable bath, to use for example 
surface activator agents. 
Each row of bathes is for embedding CBN- or diamond 
grains. The bathes with suspension have agitators for stirring 
the suspension before coating.  
 
 Fig. 5. Galvanic module (CAD model) without coverage 
The stirring prevents that the grain sediments in the bath. 
This guaranties a homogeneous grain distribution in the 
suspension. Wires ensure the electrical contacting of the tool 
during the electroplating process (Fig. 5.). The air nozzles dry 
the tool by compressed air after cleaning in the ultrasonic 
bath. Aluminum housing protects the linear stage against 
external influences like temperature fluctuations (Fig. 6.). A 
small opening in the housing allows tool dipping in the 
electroplating bathes during the coating process. If the 
electroplating module is not in use, an automatic cover inside 
the housing seals the electroplating bathes hermetically 
against evaporation. 
 
Fig. 6. Galvanic module 
To test the functions of the galvanic module, some 
cemented carbide tool blanks are coated with diamond grains. 
One-day waiting time between coating tests demonstrates the 
advantages of the galvanic module: minimal evaporation of 
nickel electrolyte and grain deposition in the galvanic bath. 
All coating tests compared, there are no significant 
differences concerning layer thickness, grain density and 
grain distribution. Fig. 7. shows two micro pencil-grinding 
tools coated with the galvanic module. The left tool has a 
diameter of 75 μm, nickel embedded diamond grains with 
grain size 1-3 μm and a homogeneous grain distribution. The 
right one has a diameter of 5 μm, nickel embedded diamond 
grains with 0.1 μm grain size . 
 
 
Fig. 7. Micro pencil grinding tools: MPGT with Ø 75 μm, D1-3 (left) and 
MPGT with Ø 4.8 μm, D0.1 
2.2.3. μEDM module 
The μEDM module consists of a precision X-Y positioning 
stage and a μEDM system. The positioning table has a travel 
range of 25 mm in each direction. Two stepping motors with a 
resolution of 125,000 steps/rev drive the axis with a precision 
ball screw (zero backslash and lead 1 mm). The μEDM 
system includes a body, which is made of plastics in order to 
isolate the module as well as the whole machine tool against 
electrical influences during the EDM process.  
 
Fig. 8. μEDM module  
On the top is a water container filled with dielectric water. 
This container includes a clamping device for fixing different 
μEDM electrodes (Fig.8.). An external pump system with 
water deionization and filters cleans the dielectric water and 
provides best conditions for the EDM process. A pulse 
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generator supplies the μEDM module with the required 
electrical energy. In the process, the micro tool blank is 
positioned automatically over the μEDM electrode in the 
dielectric reservoir. The automatic alignment is implemented 
by detecting the electrical field excited by applied AC voltage 
with a frequency of 1,000 Hz between WC tool blank and 
EDM electrode. The electrode tip has to be near the center of 
the cylindrical tool tip in a distance of 8-10 μm [15].  
2.2.4. Application module 
The application module is a conventional mechanical-
bearing direct drive X-Y linear stage with an accuracy of 
±250 nm and a unidirectional repeatability of ±25 nm. For 
machining different workpieces, several clamping devices are 
available. Especially a new developed clamping device, the 
”gecko clamp”, fixes very thin and flat workpieces for 
example foils and thin sheets of metal without damage, 
bending and residues. This approach for workpiece clamping 
based on Van der Waals forces delivers an even force 
distribution to minimize unwanted deformations.  
     
         
Fig. 9. Gecko clamp (left) and fully air guided workpiece spindle for 
machining rotationally symmetric workpieces (right) (each prototype) 
Furthermore, a fully air guided workpiece spindle for 
machining rotationally symmetric workpieces is developed 
(Fig. 9.). With this device, it is possible to rotate workpieces 
like shafts during machining processes in defined angles. A 
stepping motor with 125,000 steps/rev in combination with a 
toothed belt can implement an angle resolution of theoretical 
0.003°.  
2.2.5. Camera module 
The camera module is mounted with linear shaft bearings 
at the machine tool´s gantry. The camera module carries a 
camera system for process observation. The camera module 
can move synchronous to the Z-axis. Furthermore, the angle 
of the camera can be adjusted.  
 
Fig. 10. In process camera view of tool grinding of low magnification (left) 
and tool application of high magnification (right) 
The camera system is equipped with optical lenses to 
achieve a magnification of approximate 400 and a working 
distance of 81 mm. Thus, it is possible to observe the whole 
manufacturing and application process of micro pencil 
grinding tools with diameters smaller than 10 μm. 
Furthermore, the possibility of online measurement by a 
software tool during the manufacturing process guaranties the 
required tool dimension and quality during the production 
process. Fig. 10. shows the process camera view with low and 
high magnification. 
3. Machine tool application  
The Nano Grinding Center is a modular machine tool for 
manufacturing and application of ultra-small micro pencil 
grinding tools. The function of the several standalone 
manufacturing and application modules is shown above. 
The complete manufacturing and application process of a 
micro pencil grinding tool demonstrates the function of the 
Nano Grinding Centre in general. Therefore, the NGC has to 
fulfil the following tool manufacturing process steps. First, an 
ultra-fine grained cemented carbide blank with a grain size of 
0.2 μm, 9% amount of cobalt and a bending strength of 
4,800 N/mm2 is clamped in the high-speed air-bearing 
spindle. The first step of tool manufacturing process is to 
grind the tool shape in the grinding module. The fine grinding 
wheel generates the final tool shape after pre grinding. After 
grinding, the traverse moves to the galvanic module. The tool 
blank dips into the galvanic bathes. First, the precoating with 
nickel, second the main coating. After cleaning in an 
ultrasonic bath, the grains are embedded with nickel in a final 




Fig. 11. G round test structures in silicon with different MPGT.  Top left: tool 
diameter 20 μm (D1-3), top right: scratching point: tool diameter Ø2.5 μm 
(D0.04) and bottom: tool diameter 4.8 μm (D0.1)  
After tool manufacturing, the finished tool can be applied 
directly (without re-clamping) at the application module. In a 
first test of the fully automatic tool manufacturing and 
application, micro pencil grinding tools with different 
diameters are made and applied in silicon to test the grinding 
performance. Fig. 11. shows sections of the ground test 
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structures in silicon with MPGTs with diamond grains and 
different diameters (Ø20 μm, Ø4.8 μm and Ø2.5 μm). The 
entire process, including manufacturing and application of 
each tool is done in approximately 15 min. 
4. Conclusion and Outlook 
The research described in this paper illustrates a modular 
desktop sized machine tool for manufacturing and application 
of ultra-small micro pencil grinding tools without re-clamping 
between each process step. The general design of the Nano 
Grinding Center to minimize the thermal influence to the tool 
center point as described. Furthermore, the manufacturing 
modules, namely grinding module, galvanic module and 
μEDM module and the application module including different 
clamping devices as well as the camera module are shown. 
The manufacturing and application of micro pencil grinding 
tools with ultra-small diameters (< 5 μm) in a short process 
time (~ 15 min) demonstrates the function of the new 
developed Nano grinding Center. In future, the machining 
process of the ultra-small micro pencil grinding tools and the 
quality of the ground micro structures in different materials 
like glass, cemented carbide and hardened steels have to be 
analyzed.  
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